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INTRODUCTION
Dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI)-based percent signal recovery (PSR) and relative cerebral blood volume (rCBV) measurements have been extensively researched as biomarkers to aid in diagnosis (1) , assess treatment response (2, 3) , obtain improved image-guided biopsies (4, 5) , and to differentiate between posttreatment radiation effects (6, 7) and glioma progression (8) (9) (10) . However, contrast agent (CA) extravasation is prevalent in subjects with brain cancer because of the breakdown of the blood-brain barrier (BBB), and it is known to confound reliable cerebral blood volume estimation. CA extravasation induces local T1 and T2* leakage effects that alter the measured DSC signal intensity (SI) time curves (11) (12) (13) . Postcontrast SI time points may either increase (because of T1 effects) or decrease (because of additional T2* effects) relative to precontrast time points based on these leakage effects. The magnitude and influence of these CA leakage effects on PSR and rCBV depend on image acquisition parameters (14) (15) (16) (17) , CA preload dosing (13, 18) , and/or leakagecorrection postprocessing methods (12, (19) (20) (21) .
Preload dosing involves the injection of CA several minutes before the bolus injection used for acquisition of DSC-MRI data. The goal of preload dosing is to sufficiently decrease the local tissue T1, such that subsequent CA injections induce only minor additional T1 changes, and thereby enhancing sensitivity to the expected T2* changes. Because of the challenges of validating rCBV measures acquired with and without preload dosing in subjects, there is considerable multisite variability, with preload doses ranging from 0.025 to 0.1 mmol/kg. Characterizing the influence of variable preload dosing on DSC-MRI-derived biomarkers is critically important because of the increasing concerns regarding the total amount of gadolinium administered in subjects and for standardization efforts aiming to identify consistent multisite acquisition protocols.
PSR relies on heterogeneous CA-induced leakage effects, and ideally, would predominantly reflect the underlying tumor physiology (vascular permeability, CA kinetics, and tissue microstructure-e.g., cell density and size). However, a prior study comparing PSR across different combinations of echo times (TE), flip angles (FA), and CA doses showed that PSR highly depends on pulse sequence parameters and preload dose (10) . However, it is currently unknown how systematic increases in preload dose influence PSR when the acquisition parameters are held constant.
Unlike PSR measurements, which are computed from the raw DSC-MRI signals, reliable rCBV estimation requires the application of leakage-correction algorithms to the acquired data during postprocessing. A commonly used leakage-correction algorithm is the Boxerman-Schmainda-Weiskoff (BSW) approach (20) , which assumes unidirectional CA efflux and uses DSC-MRI curves from a "whole-brain nonenhancing" region to estimate and remove T1-or T2*-based leakage effects from data measured in tumor regions of interest (ROIs). For each voxel, the magnitude of the leakage effects is quantified through the BSW parameter, K2, which, like PSR, is sensitive to local vascular permeability and tissue microstructure. The sign of K2 reflects whether the effects are T1-(positive) or T2*-(negative) based. For a given pulse sequence, it is relevant to characterize how variable preload doses influence the consistency of BSW-corrected rCBV measurements and the extracted K2 parameter. In a dosedependent manner, CA preloads decrease, and potentially increase, the magnitude of T1 and T2* leakage effects, and could alter the magnitude and biophysical interpretation of K2.
In this study, we retrospectively analyze a unique data set, wherein 14 glioma subjects underwent 6 consecutive DSC-MRI scans during the same imaging session (7) . The acquisition parameters of each DSC-MRI scan were held constant, while incremental doses of preloads were administered. This data set was originally acquired to examine the effect of preload dosing and baseline subtraction leakage correction on the potential for rCBV to differentiate posttreatment radiation effects and tumor recurrence (18) . Although the pulse sequence parameters used in this retrospective study differ from the recent recommendations of the American Society of Functional Neuroradiology (22) , this valuable data set enables the systematic characterization of the influence of preload dosing on T1 and T2* leakage effects and the derived PSR-and BSW-corrected rCBV parameters. Such an analysis could guide optimal PSR acquisition strategies and comparability of rCBV across subject studies where variable preload doses may be used.
MATERIALS AND METHODS
This manuscript is a retrospective analysis of data acquired, with approval from our institutional review board, from January 2007 to April 2008, with results from a separate stand-alone study published in May 2008 and January 2010 (7, 18) . In summary, 14 subjects (males, 11; females, 3; average age, 57.2 Ϯ 12.4 years) with World Health Organization grade III and IV primary high-grade gliomas undergoing preoperative imaging for surgical reresection of recurrent newly developed contrastenhancing lesions were recruited. All subjects in this study received initial treatment (surgical resection with adjuvant chemotherapy and radiation therapy) before enrollment.
Scanning and Contrast Injection Protocol
MRI was performed on a 3 T magnetic resonance (MR) imaging system (Signa HDx; GE Healthcare, Milwaukee, Wisconsin) using a dedicated 8-channel phased-array brain coil. A standard gradient-echo echo-planar imaging DSC sequence was used with the following parameters: repetition time (TR)/TE ϭ 2000 milliseconds/20 milliseconds, FA ϭ 60°, field of view ϭ 24 ϫ 24 cm 2 , section thickness ϭ 5 mm, section spacing ϭ 0 mm, number of slices ϭ 27, and acquired matrix ϭ 96 (frequency) ϫ 128 (phase). An individual DSC scan time was 2 minutes with 60 time points and 1 minute of wait-time before starting the next DSC scan. Each subject was scanned with a conventional DSC sequence 6 times with a step-wise preload protocol (as outlined below).
Gadodiamide (Omniscan; Nycomed Amersham, Oslo, Norway) was hand-administered for each perfusion scan at 0.05 mmol/kg (one-half of a standard dose) at an estimated rate of 3-5 mL/s followed by a 20-mL saline flush at the same rate by an experienced neuroradiologist (LSH, 7 years of experience). To ensure reliable hand injections, the intravenous catheter was placed in the antecubital fossa of the forearm with an 18-gauge needle. The injection always occurred 20 s after the start of the DSC scan.
A total of 6 consecutive DSC scans with identical imaging parameters were acquired, each with 0.05 mmol/kg injection. Time between each DSC scan was 3 minutes (2-minute DSC scan ϩ 1-minute wait-time) for a total imaging session of 17 minutes. Because the DSC scans were consecutively acquired, the total amount of preload before the DSC acquisition increased linearly in half-doses from 0 (preload 0 -no preload) to 2.5ϫ the standard dose (preload 5) as defined in Table 1 . For a more illustrative explanation, please see Figure 1 in Hu et al.'s original manuscript (18) .
Finally, the scan protocol included a postcontrast T1-weighted inversion recovery spoiled gradient echo sequence (TI/TR/TE ϭ 300/6.8/2.8 milliseconds, field of view ϭ 26 ϫ 26 cm 2 , slice thickness ϭ 2 mm, and acquired matrix ϭ 320 ϫ 224) for ROI delineation during postprocessing.
Image Analysis and Postprocessing
PSR Measurements. The T1-weighted anatomical data were coregistered to the DSC perfusion data using rigid registration with FMRIB Software Library (23) . The PSR measurements were performed using MATLAB (The MathWorks Inc., Natick, Massachusetts).
ROI-based analysis was used to evaluate the influence of the preload dose on PSR measurements. The enhancing brain tumor was segmented on the postcontrast T1-weighted anatomical data by semiautomatic SI thresholding. To isolate the tumor from other tissues with a bright signal, a 3-dimensional regiongrowing technique was then applied by manually selecting the seed to occur within the tumor ROI. The normal-appearing white matter (NAWM) ROI was manually drawn by drawing a circular ROI within NAWM contralateral to the tumor location. When these 2 masks were applied to the DSC data, voxels were thresholded on the basis of the signal-time intensity curves to ensure a DSC signal drop of at least 5 standard deviations from the precontrast time points.
Before our semiquantitative measurements were calculated, we first sought to separate the T1 and T2* leakage effects as a function of preload dose within the tumor ROI. The leakage effects were arbitrarily categorized as T1-related if the postcontrast SI was 5% or greater than the precontrast SI, and T2*related if the postcontrast SI was Ϫ5% or less than the precontrast SI. The percentage of voxels exhibiting T1 or T2* leakage effects or neither was then calculated across preloads for each subject.
Whole-brain, voxel-wise PSR values were calculated from the SI time curves as follows (10):
Where precontrast (S pre ) and postcontrast (S post ) SIs were averaged over 10 timepoints, and S min is the minimum signal drop at CA arrival. The magnitude and range of PSR values in NAWM is rarely reported; however, we elected to include it in this study because it could inform interpretation of tumor data, serving as a control in tissue where the BBB is intact. rCBV Measurements. The rCBV measurements were calculated following CA leakage correction using the BSW leakagecorrection method and normalized to NAWM using the Food and Drug Administration-cleared IB Neuro software (Imaging Biometrics, LLC, Elm Grove, Wisconsin). Mean rCBV values within the tumor ROI are reported in this manuscript. In addition, the computed K2 scaling parameter (the permeability constant) maps from the BSW fit were saved alongside the rCBV maps. IB Neuro rCBV maps and K2 maps were exported to MATLAB such that the same ROIs were used between the PSR and rCBV measurements.
Statistics
To evaluate the effect of preload dosing on PSR and rCBV, the mean values of each measurement were statistically compared by performing repeated-measures one-way ANOVA, where data were grouped by preload dose. If the ANOVA test resulted in a statistical difference across preloads, post hoc pairwise comparisons adjusted for multiple comparisons using the Tukey-Kramer approach were conducted. Statistical differences were defined as a P-value of Ͻ.05. To evaluate the consistency in rCBV across preloads, the intraclass correlation coefficient (ICC) was calculated. All statistical tests were done in MATLAB (The MathWorks Inc.). Figure 1 characterizes the amount of T1 and T2* leakage effects across preload. In general, the percentage of voxels exhibiting Preload Dosing on PSR and CBV With DSC-MRI T1 leakage effects is prominently observed in the case without preload (70%) and is substantially reduced for preload 1 (16.5%) and preloads 2-5 (Ͻ2%). In contrast, the percentage of voxels exhibiting T2* leakage effects is minimal in the case without preload (Ͻ2%) and gradually increases from preload 1 (8%) to preload 5 (40%). Total leakage effects are minimized for preloads 1 and 2, where 75%-80% of voxels exhibit no detectable leakage effects. Figure 2 illustrates the mean PSR for both the tumor and NAWM ROIs across preloads. Tumor PSR is the greatest for no preload (preload 0), when sensitivity to T1 leakage effects is expected to be at a maximum, and decreases with increasing preload (Figure 2A ). The mean tumor PSR decreases to Ͻ100% by preload 3 and remains statistically similar for preloads 4 -5 (P-value Ͼ.71). Tumor PSR is statistically different across all preloads (ANOVA P-value ϭ 4.57E-24). Specifically, statistical differences are seen in tumor PSR for preload 0 compared with that in preloads 1-5 (P-values ϭ 2.07E-8 for all 5 comparisons). Furthermore, statistical differences are seen for preload 1 compared with preloads 3-6 (preload 1 vs. preload 3 P-value ϭ .01; preload 1 vs preload 4 P-value ϭ 4.74E-05; preload 1 vs. preload 5 P-value ϭ 3.65E-06; and preload 1 vs. preload 5 P-value ϭ 2.11E-07) and for preload 3 compared with to preload 6 (P-value ϭ .03). The NAWM PSR follows a trend similar to that of tumor PSR, as it is the greatest at preload 0 and decreases with a preload dose (ANOVA P-value ϭ 3.98E-17). The mean NAWM PSR, unlike that found in tumor, is relatively constant across preloads 1-5 ( Figure 2B ). NAWM PSR is statistically different for preload 0 compared with preloads 1-5 (P-values ϭ 2.07E-8 for all 5 comparisons); however, it is statistically similar for all comparisons for preloads 1-5 (P-values Ͼ.05 for all 10 comparisons). The ratio of tumor PSR to NAWM PSR is presented in Figure 2C . Tumor PSR is statistically different than NAWM PSR for preload 0 (P-value ϭ 2.24E-7), preload 1 (P-value ϭ .0006), and preload 5 (P-value ϭ .02). Both tumor and NAWM PSR are similar for preloads 2-4 (preload 2 P-value ϭ 1.00, preload 3 P-value ϭ .90, and preload 4 P-value ϭ .28). Figure 3 illustrates the mean rCBV for the tumor ROI in each subject across all preload numbers ( Figure 3A ). No statistical differences were observed in rCBV between all comparisons for preloads 0 -5 (ANOVA P-value ϭ .144). The coefficient of variation (CV%) for each subject is included in Table 2 , along with the ICC values. The coefficient of variation (CV%) and ICC are reported across all preloads (preloads 0 -5 ICC ϭ 0.81) and increases for only the clinically relevant preloads (preloads 0 -2 ICC ϭ 0.93). The mean permeability scaling factor K2 from the BSW fit are presented in a boxplot format in Figure 3B . Overall, the mean K2 values in the tumor decrease with increasing preloads and seem to remain constant for preloads 3-5. Statistical differences are seen in K2 between preload 0 compared with preloads 1-5 (preload 0 vs. preload 1 P-value ϭ .3E-03; preload 0 vs. preload 2 P-value ϭ .3E-03; preload 0 vs. preload 3 P-value ϭ .3E-03; preload 0 vs. preload 4 P-value ϭ 1.47E-05; preload 0 vs. preload 5 P-value ϭ 1.91E-07). Furthermore, statistical differences are seen for tumor K2 values in preload 1 compared with those in preloads 3-5 (preload 1 vs. preload 3 P-value ϭ .04; preload 1 vs. preload 4 P-value ϭ .03; preload 1 vs. preload 5 P-value ϭ .001). As expected, the mean K2 values in the NAWM (preload 0 ϭ Ϫ0.004, preloads 2-5 ϭ Ϫ0.01) are approximately equal to 0, and the only observed statistical difference was between preloads 0 and 2 (P-value ϭ .04). Figure 4 qualitatively displays 1 subject's PSR (top row) and rCBV (bottom row) maps for clinically relevant preload cases (preloads 0 -2). Tumor PSR is clearly distinguished from the rest of the brain for the preload 0 case, but the contrast between tumor and NAWM decreases for preloads 1-2. With preload 2, the tumor PSR is visually less than NAWM PSR. The tumor rCBV maps are consistent across all preloads. 
RESULTS

DISCUSSION
When the BBB remains intact, the dynamic CA bolus will remain in the intravascular space and DSC-MRI SI changes will predominantly reflect the CA-induced T2* changes; however, this assumption does not always hold for imaging subjects with brain cancer. When the BBB is damaged, the dynamic CA bolus will extravasate into the extravascular space and cause local T1 and T2* leakage effects that will alter the SI time curves. The degree to which T1 and T2* leakage effects influence the acquired DSC-MRI signals depends upon the pulse sequence parameters, preload dose, CA kinetics, and the underlying tissue microstructure (24) . When developing DSC-MRI biomarkers, these leakage effects can either be exploited such as is the case with PSR measurements or need to be corrected for such as is the case with rCBV measurements. In this study, we investigated the relationship between varying amounts of preload dose on both PSR and rCBV measurements.
PSR measurements exploit the postcontrast SI which reflects competing T1 and T2* leakage effects. Boxerman et al. showed that PSR is affected by both pulse sequence parameters and CA dose for high-grade gliomas (10) . However, in this study, the pulse sequence parameters were held constant, while the preload dose was varied in a step-wise manner. Another key difference between the 2 studies is the use of a 0.05 mmol/kg injection dose, for both preload and bolus injections, instead of a standard full dose. For the clinically relevant preload cases (preloads 0, 1, and 2, representing no preload, one-half of a full dose, and a full dose preload, respectively), NAWM and tumor PSR are statistically different (except for NAWM PSR between preloads 1 and 2). This indicates that PSR cannot be compared across studies using different preload amounts, even if the pulse sequence parameters are the same. This preload-dependent PSR shows a shift in the number of voxels exhibiting T1 and T2* leakage effects that originate from dissimilar biophysical phenomena. Furthermore, tumor and NAWM PSR are only statistically different in the case of preload 0 (no preload) and preload 1, and are statistically identical for preload 2. If tumor and NAWM PSR are indistinguishable, as in the case of preload 2, then this would suggest that PSR-based conclusions about the underlying microstructure will be confounded. The PSR contrast between tumor and NAWM is the highest when there is no preload, indicating that this biomarker would best be measured during the initial preload administration before the bolus injection used for rCBV estimation.
Unlike PSR measurements, rCBV measurements must be corrected for T1 and T2* leakage effects to be of clinical value. In this study, we have applied the BSW leakage-correction method to our data before rCBV is calculated. Across preloads, we observed differences in mean tumor K2 values because of differing amounts of T1 and T2* leakage effects. This finding indicates that K2 as a permeability biomarker is dependent on the preload amount. When rCBV is corrected for these CA leakage effects, our results indicate that tumor rCBV is not statistically different across varying preloads including the no preload option. Furthermore, the ICC value increases from 0.81 to 0.93 for the clinically relevant preload cases, showing that rCBV across preloads is indeed consistent. It is quite compelling that the BSW correction could yield highly consistent rCBV values across preload doses given the significant change in the fraction of voxels exhibiting T1 and T2* leakage effects. This indicates that, for the pulse sequence parameters used in this study, if a half-dose of the CA is used for the bolus injection, there is no added benefit of using a preload beforehand if leakage correction is applied. It should be noted that these results do not inform on the accuracy of the derived rCBV measures or how they would compare, with respect to consistency or accuracy, to studies using full-dose bolus injections. For example, these results contradict an animal study that used a full dose (0.1 mmol/kg) and pulse sequence parameters with more T1 weighting (13) . Specifically, the agreement between leakage-corrected rCBV values, acquired using a gadolinium-based agent and a reference intravascular iron-oxide agent, significantly improved with preload dose. This discrepancy further confirms the sensitivity of rCBV to pulse sequence and preload dosing protocols, as shown in a recent simulation study (25) . Specifically, Leu et al. found that similar rCBV values are obtained using the ASFNR (The American Society of Functional Neuroradiology)-recommended protocol, which includes preload dosing, and those that are acquired using a pulse se-quence with less T1 weighting (e.g., FA ϭ 35°) but do not use a preload. Future studies are warranted given our results and the competing interests to reduce total CA dose versus maintaining the higher contrast to noise afforded by full-dose bolus injections, directly affecting CBV precision. It would be highly compelling to validate, in humans, whether an optimal pulse sequence protocol exists that would alleviate the need for preload dosing, as this would simplify injection protocols in subjects, reduce variability across sites, and maintain a high contrast to noise.
Despite the unique nature of this retrospective data set, there were several limitations. First, the injections in these DSC scans were hand-administered by an experienced neuroradiologist instead of using a power injector. From experience, our neuroradiologist used slightly larger-gauge intravenous catheters for the injections to help control the injection bolus. Furthermore, upon inspection during postprocessing for this study, we qualitatively observed highly consistent arterial input functions chosen by an automatic algorithm (results not shown) across preloads for each subject. Consistency in the arterial input function made us more confident about our experienced neuroradiologist hand-administering the injections. Second, as noted above, the results of this study are specific to pulse sequence parameters used for DSC-MRI acquisition, particularly as TR, TE and FA can alter a signal's sensitivity to T1 and T2* leakage effects. Compared with the recent ASFNR recommendations, the 2-second TR used in this study is longer than the recommended 1.5 seconds. At the time of the study, a longer TR was chosen for sufficient brain coverage. With the recommended 1.5-second TR, the PSR magnitude would increase because of the elevated T1 weighting, but the changes in PSR across preloads would remain the same. For example, the percent of voxels exhibiting T1 leakage effects ( Figure 1A) would be slightly increased than that reported; however, the T1 leakage effects would still decrease with increasing preload dose. Third, the results presented are pertinent for a 0.05 mmol/kg injection bolus dosage, which is a common option in the clinic. Although our results show that tumor rCBV is similar for preload dose options including "no preload," this preload dosing result might not apply for a full standard-dose injection. A full standard dose could also shift the sensitivity of the acquired data to T1 and T2* leakage effects. In conclusion, we have shown that, with the acquisition parameters used herein, PSR measurements vary across preload amounts, whereas rCBV measurements do not. Specifically, tumor PSR measurements differed for preload 0 (no preload), preload 1 (0.05 mmol/kg), and preload 2 (0.1 mmol/kg). Furthermore, tumor PSR was found to be similar to NAWM PSR for preload 2, indicating that the highest contrast for PSR maps can be achieved with preload 0 and, to a smaller degree, preload 1.
However, PSR measurements with different preload CA doses cannot be compared across studies. Tumor rCBV values were shown not to be statistically different across preloads, indicating that future studies should seek to establish whether pulse sequence parameters can be optimized such that preload dosing can be eliminated without affecting rCBV accuracy. The results of this study also justify standardization efforts for DSC-MRI, which are critically important for achieving multisite rCBV consistency.
